Extracellular cyclic AMP (cAMP) induces the formation of prespore cells in Dictyostelium but inhibits stalk cell formation. We have cloned gskA, which encodes the Dictyostelium homolog of glycogen synthase kinase 3 (GSK-3), and discovered that it is required for both cAMP effects. Disruption of gskA creates a mutant that aggregates but forms few spores and an abnormally high number of stalk cells. These stalk cells probably arise from an expanded prestalk B (pstB) cell population, which normally produces the basal disc of the fruiting body. In cultured mutant cells, cAMP neither inhibits pstB cell differentiation nor induces efficient prespore cell differentiation. We propose that cAMP acts through a common pathway that requires GSK-3 and determines the proportion of prespore and pstB cells.
Introduction
Glycogen synthase kinase 3 (GSK-3) is a highly conserved serine/threonine protein kinase that is involved in the insulin response and is implicated in the regulation of several transcription factors, including c-Jun and c-Myb (Boyle et al., 1991; Plyte et al., 1992; Nikolakaki et al., 1993; de G root et al., 1993) . Genetic studies show that it is important for Drosophila development. The Drosophila GSK-3 homolog encoded by shaggy (sgg)lzeste-white 3 acts downstream of wingless (wg) to establish segment and imaginal disc polarity (Bourouis et al., 1990; Siegfried et al., 1990; Diaz-Benjumea and Cohen, 1994) . In a separate role, sgg is required for cell patterning in the neurectoderm, in which it regulates neural and epidermal cell fate (Simpson et al., 1993) . The cellular slime mold Dictyostelium discoideum offers a simpler developmental system, and we have discovered that in this organism GSK-3 also regulates cell fate.
Developmental processes, which occur concurrently in other organisms, are more clearly demarcated in Dictyo-:l:Present address: Zentrum fur molekulare Biologie, Universit~t Heidelberg, Im Neuenheimerfeld 282, 69120 Heidelberg, Federal Republic of Germany. stelium. Development is separated from cell growth and commences in the absence of a food source. Amoebae aggregate to form a multicellular mound by chemotaxis to pulsatile cyclic AMP (cAM P) signals, cAM P also induces expression of genes essential for aggregation (Mann and Firtel, 1987) .
Cellular differentiation ultimately results in the spore and stalk cells of the fruiting body. The precursors of these cell types, the prespore and prestalk ceils, arise within the mound ) and appear to be determined by the action of diffusible signal molecules. Extracellular cAMP is one of these signals and induces prespore cell differentiation (Kay et al., 1978; Barklis and Lodish, 1983; Mehdy et al., 1983; Schaap et al., 1986) . A second molecule, the dichlorinated alkyl phenone DIF-1 (Town et al., 1976; Morris et al., 1987) , directs differentiation into prestalk and stalk cells (Kay and Jermyn, 1983; Kopachik et al., 1985; Williams et al., 1987) .
The prestalk cell population is heterogeneous and consists of a number of subtypes that have distinct roles in the fruiting body. The major population gives rise to a stalk that lifts the spores from the surface of the substratum. These cells can be identified in the mound by expression of the ecmA gene and are known as prestalk A (pstA) cells.
During the later stages of development, they occupy the anterior of the slug but at culmination undergo a series of morphogenetic movements to build up the stalk Jermyn and Williams, 1991) . As they enter the stalk, but prior to overt stalk cell differentiation, the pstA cells begin to express a second gene, ecmB. These cells are called pstAB cells. A distinct prestalk cell population that expresses the ecmB gene without first expressing ecmA also arises in the mound .
Under conditions when culmination occurs in situ, these cells contribute to the basal disc and the lower cup. In the mature fruiting body, the basal disc anchors the stalk to the substratum, and the lower cup sits underneath the spore head. If a migrating slug is formed, these early ecmB-expressing cells may be shed from the rear. An additional population of prestalk cells, the anterior-like cells, is intermingled with the prespore cells in the slug posterior (Sternfeld and David, 1982) . These cells may also express ecmB and contribute to the basal disc and lower cup . The connection between these anterior-like cells and the early ecmB-expressing cells has not been determined. In this paper, we use the term pstB to refer to the early ecmB-expressing prestalk cells.
DIF-1 appears to be a general inducer of prestalk cell differentiation and alone is not sufficient to explain the diversity of prestalk cell types. Experiments in which cells are developed in culture suggest that extracellular cAMP also influences prestalk cell differentiation. In low density monolayer cultures, cAMP inhibits stalk cell differentiation and, furthermore, in shaking cultures of disaggregated cells, it represses ecmB but not ecmA gene expression Kay, 1988, 1990) . From these observations, it was proposed that the combined action of cAMP and DIF-1 Figure 1A ).
The gskA cDNA contains an Open reading frame of 1407 bp that encodes a469 amino acid protein with a mass of 51 ~5 kDa. In vitro transcr!ption and translation of the cDNA using rabbit reticulocyte lysates produced a protein of the predicted size (data not shown). We isolated a genomic clone and established the presence of five introns ( Figure   1B ). GSKA, the predicted product of gskA, has the sequence expected of a serine/threonine kinase (Hanks and Quinn, 1991) , and the complete catalytic domain has 71% amino acid identity to the human GSK-313 ( Figure 1C ). GSKA has a tyrosine residue at position 214 that is conserved in all homologs of GSK-3 isolated so far. Phosphorylation of this tyrosine is a requisite for activity in GSK-3~, the Schizosaccharomyces pombe homolog Skp-1, and sgg (Hughes et al., 1993; Plyte et al., submitted).
Isolation of a gskA Null Mutant
Restriction enzyme-mediated integration (REMI) is a method of insertional mutagenesis in which inclusion of a restriction enzyme during cell transformation cuts the genomic DNA and directs plasmid integration into the restriction enzyme sites (Kuspa and Loomis, 1992). We isolated the mutant HM338 from a bank of REMI mutants made using the enzyme Dpnll. This mutant has a previously undescribed phenotype that we have called "stalkogenous," as it forms an abnormally high number of stalk cells (Figure 2) .
We cloned the disrupted gene by plasmid rescue using the restriction enzyme Bcll, which cuts outside tl~e plasmid DNA. The rescued plasmid pM338 contains 2.Skb of flanking genomic DNA. To confirm that the phenotype is due to the plasmid insertion, we transformed wild-type cells with pM338 and disrupted the endogenous gene by homologous recombination. This recreated the mutant phenotype. Both the original and recreated mutants were used in subsequent experiments.
Sequencing the junctions between plasmid and genomic DNA in pM338 indicated an insertion into the gskA gene. This insertion disrupts the catalytic site of the enzyme (see Figure 1 ). The disruption of gskA was confirmed by Southern blotting using the cDNA as a probe. The plasmid used for REMI is 6.8 kb and, therefore, would be expected to increase the size of gskA gene locus by the equivalent amount. This increase can be detected by digestion of mutant genomic DNA with a restriction enzyme that does not cut within the plasmid, as is shown for the enzyme Clal in Figure 3A . In addition, a BarnHI site is serendipitously created at the 5' insertion site of the plasmid (see Figure 1B ). This creates two new restriction enzyme fragments in the mutant that replace the single one of the wild type ( Figure 3A) . A Western blot of protein extracts from vegetative wildtype and mutant cells was probed with an anti-GSK-3 antibody. These antibodies were originally raised against sgg, but have good cross species reactivity. A single, strong signal was seen in wild-type cells, but no protein could be detected in the gskA mutant ( Figure 3B ). No other close homologs of gskA were found with the antibody or by low stringency Southern blotting (data not shown). We have, therefore, created a gskA null mutant.
The gskA Mutant Phenotype
The gskA null mutant grows normally both in association with bacteria and in liquid medium, axenically. Under standard conditions, the mutant aggregates, but this process takes 2 hr less than normal and results in smaller mounds than seen with the wild type. The mounds tighten, and the majority form tips at approximately the same time as the wild type. The tips then slowly elongate, and the terminal phenotype is reached after 24-48 hr. There is no slug stage, but the cells within the tip undergo' a disordered culmination to form a short stalk. Occasionally, a small spore head may form on top of the stalk. The remaining cells are present in a large moundqike base (see Figure  2 ). With axenically grown cells, a less severe phenotype is seen, in which the fruiting bodies have longer stalks and larger spore heads. Even in thi S case, the mutant still has an unusually large, mound-like basal disc.
The gskA null mutant has a severely altered spore:stalk cell ratio. In the wild type, 80% of the cells differentiate into spores; this is reduced to less than5% in the mutant. The majority of the mutant cells differentiate into stalk cells, which fill the large mound-like bases of the fully developed mutant structures (see Figure 2E ). The phenotype, however, does not result from premature stalk cell maturation. Differentiated stalk cells appear only slowly, initially as small clusters after approximately 20 hr of development and at about the same time as stalk formation in the wild type. The overall number and size of the clusters then continues to increase for a number of days.
The gskA Mutant Has an Aberrant Prepattern
To determine whether the phenotype of the gskA null mutant results from an aberrant prepattern, we investigated the differentiation and patterning of the prestalk and prespore cells. To do this, we examined the expression of IG7 is expressed at the same level throughout development and was used to quantitate the levels of expression. In the figure shown, the IG7 autoradiographs are underexposed to illustrate the differences between the timepoints rather than for a direct comparison between blots.
the prestalk-specific genes ecmA and ecmB and the prespore-specific gene psA.
Northern blotting shows that the timing and levels of ecmA expression are approximately the same in both wild type and mutant ( Figure 4 ). The expression of the ecmB gene, however, is strikingly different. In the wild type, there is a low level of ecmB expression from 14 hr onward, which we assume is due to pstB cells, and high levels after 20 hr, due to differentiation of pstAB cells (Figure 4 ). In the gskA null mutant, ecmB mRNA is detected earlier than in the wild type and at a much higher level (Figure 4 ). There is an early peak of expression at 14 hr of development in the mutant, which coincides with the formation of pstB cells in the wild type. In addition, ecmB mRNA appears 4 hr earlier than ecmA in the mutant, long before overt stalk cell differentiation.
Use of lacZ marker strains confirmed the results obtained from Northern blotting, ecmB-lacZ-expressing cells are abundant in mounds of the gskA mutant prior to tip formation and before stained cells can be detected in the wild type ( Figures 5A and 5B) . Eventually, ecmB-lacZ staining increases so that the whole mutant structure is stained, whereas in the wild-type fruiting body, staining is restricted to prestalk and stalk structures ( Figures 5C and   5D ). Our impression is that ecmA-lacZ-stained cells arise after those expressing ecmB-lacZ. Eventually, however, the pattern of ecmA-lacZ stain ing in the gskA mutant coincides with that seen for ecmB-lacZ ( Figures 5E and 5F ). To summarize, both the Northern and lacZstaining results show that in the gskA mutant the ecmB gene is expressed earlier and in more cells than in the wild type. The majority of the prestalk cells of the null mutant express the ecmB gene before ecmA and, therefore, have one of the characteristics of pstB cells.
PstB cells behave in a distinct way in the wild type and are found in the rear of the slug and ultimately can form the basal disc and the lower cup . We examined the behavior of the mutant cells in mixtures with the wild type. A ratio of 10:1 wild-type:mutant cells did not interfere with the wild-type development, and presumably, the mutant cells would experience wild-type signals. With mixtures containing mutant cells transformed with ecmB-lacZ, stained cells were found in the basal disc and lower cup of fruiting bodies ( Figure 5G ). They were never seen in the stalk tube. In the slug, the stained cells were restricted to the rear. The same results were seen with mixtures of ecmA-lacZ-transformed mutants ( Figure  5H ), consistent with our view that the majority of ecmAexpressing cells seen in the mutant are pstB cells. The behavior of the mutant cells in these mixtures, therefore, was exactly that expected of pstB cells.
The increase in the size of the pstB population is at the expense of the prespore population, as can be seen from the expression of the prespore-specific gene psA. in the gskA null mutant, expression ofpsA is reduced to an average of 5% of the wild type (see Figure 4) . There are two possible causes for the loss of prespore cells; either prespore cells fail to differentiate or they differentiate normally but then rapidly transdifferentiate into prestalk cells. The formation and subsequent fate of the prespore cells was examined using strains transformed with a psA-lacZ reporter. In the wild type, prespore cells can be detected throughout the aggregate, whereas in the mutant, very few stained cells are found. These are localized as a small loose ball of cells within the aggregate (Figures 51 and 5J ). As the 13-galactosidase expressed from this construct is stable throughout development (Harwood et al., 1991) , the possibility of transdifferentiation can be excluded, as this would still result in a large number of stained cells.
It is clear that the deficit in spore cells in the gskA mutant arises from a failure of prespore induction within the early aggregate and that this is accompanied by a corresponding expansion in a prestalk cell population, which has the characteristics of pstB cells. In the mutant, we believe that the balance between prespore and pstB cell formation appears grossly altered in favor of pstB cells.
GSK-3 Is Required for cAMP Inhibition of Stalk Cell Formation and Repression of ecmB
To determine the basis for the increased number of pstB cells in the gskA mutant, we first investigated its DIF signaling system. Both mutant and wild type accumulated similar levels of DIF-1 during development as measured by 36CI incorporation (Kay et al., 1992) . In addition, both mutant and wild type responded to DIF-t with similar sensitivity in tests for stalk cell differentiation in low density culture (data not shown). These results argue against a gross alteration in DIF-1 signaling or response in the mutant and led us to investigate its response to cAMP.
Wild-type cells will differentiate into stalk cells in low density monolayer culture provided they are given DIF-1. cAMP is required to bring the cells to a DIF-responsive state, but since it inhibits stalk cell formation, it must be removed from the later stages of the induction (Berks and Kay, 1988) . cAMP is still required for stalk cell formation in gskA mutant cells, but its inhibitory effect is lost and the mutant forms stalk cells with high efficiency in the continued presence of cAMP. This is not due to increased breakdown of the extracellular cAMP as the nonhydrolyzable derivative adenosine-3',5'-monophosphothiorate (cAMPS), which is a potent inhibitor of stalk cell formation in the wild type, does not inhibit stalk cell formation in the gskA mutant (Figure 6a ). We also examined the induction of the ecmB gene (Figure 6b ). Mutant and wild-type cells were developed to a stage in which they were about to express the ecmB gene (in the mutant, this was several hours earlier than in the wild type). The developing structures were then disaggregated and shaken for 2 hr in DIF-1 with or without cAMP (Berks and Kay, 1990 ). In the wild type, DIF-1 induces ecmB to 10-fold over its starting level, but cAMP almost completely abolishes this induction. In the gskA null mutant, DIF-1 induces ecmB to a high level in both the presence and the absence of cAMP. The induction of ecmA is not affected in the mutant. As the mutant cells were taken at an early developmental stage, addition of cAMP increases the expression of ecmA (Figure 6b ). This is also seen in wild-type cells when they are taken at the same stage (data not shown).
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Our observations indicate that GSKA is required for cAMP inhibition of stalk cell formation and repression of the ecmB gene.
GSK-3 Is Required for cAMP Induction of Prespore Cells
We also investigated the basis for the impaired differentiation of prespore cells seen in the gskA null mutant. Mixing gskA mutant cells with wild type indicated that the defect was cell autonomous, as spore differentiation was not rescued in a background of wild-type signals (data not shown). This suggested that the mutant cells may be unresponsive to the prespore inducer cAMP.
Prespore induction by cAMP was investigated in monolayer cultures using psA-lacZ transformants. Enzymatic assay showed that, after a 24 hr incubation with cAMP, wild-type cells express on average 10-fold more I~-galactosidase than gskA mutant cells ( Figure 7A ). cAMP is not sufficient to induce full differentiation into mature spore cells, but this can be achieved with 8-bromo-cAMP, which enters the cell and activates the cAMP-dependent protein kinase (Kay, 1989) . Approximately 25°/0 of wild-type cells formed spores in these conditions, but this is reduced to (b) cAMP inhibition of ecmB expression. Samples shaken for 2 hr in the presence of DIF-1 with or without cAMP are compared with a sample left undisturbed on agar (t = 2). DIF-1 induces both ecmA and ecmB in both wild type and mutant over the starting level (t = 0). The inclusion of cAMP inhibits ecmB expression in the wild type but not in the mutant. The mutant cells were taken after 10 hr of development rather than 15 hr for the wild type, as indicated.
1% in the gskA mutant ( Figure 7B ). The low density of cells used in the spore induction assay makes it unlikely that factors released from the gskA null mutant cells inhibit spore formation. These results indicate that prespore and spore inducibility is greatly reduced in the absence of GSKA activity.
Discussion
The Dictyostelium Homolog of GSK-3 We have cloned gskA, which encodes a Dictyostelium homolog of GSK-3 that shares 71% amino acid identity with the catalytic domain of the human GSK-313. GSK-3 homologs have been isolated in species ranging from yeasts to humans, and they share 6 8 % -9 9 % amino acid identity within their catalytic domains (Woodgett, 1990; Siegfreid et al., 1990; Bourouis et al t 990; Bianchi et al., 1993 Bianchi et al., , 1994 Puziss et al., 1994; Plyte et al., submitted) . Phosphoryla- tion of Tyr-216 in human GSK-31~ is essential for kinase activity. This residue is conserved in the Dictyostelium homolog and may well also be phosphorylated. GSKA, however, differs form its homologs in the N-and C-termini.
GSKA Regulates the Proportions of Prespore and PstB Cells
We have made a gskA null mutant and found that GSKA is not essential for cell growth or early development. As aggregation requires efficient chemotaxis to cAMP, we do not believe that loss of GSKA has a major effect on this process. Aggregation does appear to be slightly abnormal in the mutant, but at present, we do not know the basis for this. Loss of GSKA does not prevent cell type differentiation, although prespore cells formation is greatly reduced, and both cAMP and, in the case of prestalk cells, DIF-1 are still required for cell type induction. Disruption of GSKA, however, has a striking effect on the proportions of the cell types, and the number of prestalk ceils is grossly expanded at the expense of the prespore cells. This enlarged prestalk population has the characteristics of the pstB, which can produce the basal disc of the fruiting body, and not of the pstA, which produces the stalk. Two properties of the mutant argue for this view: they express ecmB before ecmA, as do pstB cells , and when mixed with wild-type cells, they follow the pstB fate and contribute to the basal disc and not the stalk. In the mutant, formation of pstA cells and a second ecmA-expressing population, pst0 Early et al., 1993) , may still occur but was obscured by the large numbers of pstB cells.
The enlarged pstB cell population in the gskA mutant goes some way to explaining its terminal morphology, as it may result in a fruiting body with an extraordinarily enlarged basal disc. The formation of pstA cells, however, could explain the emergence of tips and the formation of short stalks.
GSKA May Control a Common Pathway for Prespore and PstB Cell Formation
The increased ratio of pstB to prespore cells in the gskA null mutant can be explained through the loss of two cAMP responses. First, loss of GSKA eliminates cAMP inhibition of both stalk cell formation and ecmB gene expression.
Second, loss of GSKA also impairs the induction of prespore cells by cAMP. This effect cannot be rescued by activation of the cAMP-dependent protein kinase, an event normally sufficient for spore formation.
The combinatorial model (Berks and Kay, 1990) proposed that while DIF-1 induces differentiation of all prestalk cell types, cAMP has a dual role to induce prespore but to inhibit pstB cell formation. The characteristics of the gskA null mutant are consistent with this model. Furthermore, as both effects of cAMP are lost in the gskA null mutant, we propose that they may be unified into a single signal transduction pathway. In the simplest hypothesis, activation of a common cAMP receptor causes GSK-3 activation and favors the induction of prespore cells over pstB. In the absence of cAMP, or in the gskA null mutant, pstB cells form at the expense of prespore cells (Figure 8 ).
GSK-3 and the Regulation of Cell Fate
The multiple forms of GSK-3 found in both higher eukaryotes and yeasts make it difficult to study genetically. In Drosophila and, as we have now shown, in Dictyostelium, there is only one gene. In both organisms, a severe developmental phenotype results from mutation of their GSK-3 gene. In this paper, we have shown that GSKA is not essential for cell growth, chemotaxis, or cell differentiation, but it is required to determine the choice between prespore and pstB cell fates.
In Drosophila, sgg also acts to regulate the choice of cell fate. This is best seen in the neurectoderm, in which sgg represses expression of the transcription factors encoded by achaete-scute. As a consequence, differentiation into neurosensory bristle cells is inhibited and the cells adopt an epidermal cell fate (Simpson et al., 1993) . In the embryo, the action of sgg appears more complex. During the formation of segments, rather than repressing the initial induction of the transcription factor engrafted (en), sgg inhibits its autoactivation and prevents the stabilization of en-expressing cells. Expression of wg inactivates sgg and generates a stripe of en-expressing cells at the parasegmental boundary (Siegfried et al., 1992) .
Biochemical studies in mammalian cells suggest that GSK-3 is inactivated by phosphorylation at a site within its N-terminus. This site is a target of both the mitogenactivated protein (MAP) kinase cascade (Sutherland et al., 1993) and a less defined pathway that may require phosphatidylinositol-3-OH-kinase (PI3-kinase; Cheatham et al., 1994; Chung et al., 1994) . This site is not present in GSKA, suggesting that the kinase may be regulated by a different route. As the known cAMP receptors are all of the seven transmembrane domain type (Klein et al., 1988; Saxe et al., 1991) , cAMP would be expected to activate GSKA through a G protein-mediated signal transduction pathway.
Genetic studies in Drosophila have so far identified only a single putative regulator of sgg. The protein product of disheve//ed acts downstream of wg and upstream of sgg (Theisen et al., 1994; Klingensmith et al., 1994) , but how it operates is still unclear, since it shows no homology to the proteins involved in mammalian signal transduction. Our discovery of GSKA provides an alternative developmental system to study both the biochemisty and genetics of the GSK-3 regulation. By use of REMI mutagenesis to isolate new mutants with the stalkogenous phenotype, we hope to look for other regulators of GSK-3.
Experimental Procedures
Isolation of the gskA cDNA Oligonucleotides, directed toward conserved regions of GSK-3, were used to amplify sequences of Dictyostelium genomic DNA. The two primers were 5'-GGTGGACCAAATGTTTCA/TTA-3, and 3'-CTACAAA-CCACTCGACCAACA-5'.
The amplified fragment was cloned into pBluescript (Stratagene) and sequenced to give a 106 bp fragment that shared 78% amino acid identity with human GSK-313. This fragment was used to screen a vegetative D. discoideum cDNA library in ~,ZAP (a gift from J. Williams). Four positive clones were isolated, rescued into the EcoRI site of pBluescript, and sequenced with universal and reverse primer. They all contained a 1.88 kb fragment of identical sequence (1.88 kb). One clone was used to generate an exonuclease Ill-nested deletion series (Pharmacia) and obtain the complete sequence.
Cell Culture and Development
The wild-type D. discoideum axenic strain DH1 (a gift from P. Devreotes), derived mutants, and transformants were grown at 22°C either in HL5 medium or in association with Klebsiella aerogenes. The strain DH1 lacks the pyr5-6 gene and was grown in HL5 medium supplemented with 200 p,g/ml uracil. The/acZ marker gene constructs ecmA-/acZ, ecmB-/acZ, and psA-/acZ (Ceccarelli et al., 1991; Dingermann et al., 1989) were introduced using a modified transformation method (Nellen et al., 1984; Early and Williams, 1987) (Joly et al., 1993) . Clones were selected and grown in the presence of 20 p.g/ml G418. For development, cells were harvested from bacterial clearing plates, washed three times in KK2 (16.5 mM KH2PO~, 3.8 mM K2HPO4 [pH 6.2]), and plated onto 1.8% KK2 agar.
REMI Mutagenesis
REMI was carried out as described by Kuspa and Loomis (1992) with the following modifications. The plasmid pDIV5 (a gift from A. Kuspa) was linearized with BamHI and introduced into DH1 cells along with the restriction enzyme Dpnll (an isoschizomer of Sau3A). Transformants were selected for 3 weeks in FM medium (GIBCO-BRL) and then plated clonally onto SM agar plates in association with K. aerogenes. FM is a defined medium that is deficient in uracil and, hence, selects for transformation with the pyr5-6 gene.
Genomic DNA was isolated from the mutant HM338 and 5 p.g of DNA digested with Bcll. After digestion, the enzyme was removed by phenol extraction. The DNA was resuspended in 200 I11 of ligation buffer (50 mM Tris-HCI [pH 7.8], 10 mM MgCI2, 10 mM DTT, 1 mM ATP, 25 p.g/ml of BSA, 800,000 U of T4 DNA ligase) and incubated for 18 hr at 16°C. The ligation product was phenol-extracted, ethanol precipitated and resuspended in 50 Ill of TE. Product (1 p,I) was used to transform electrocompetent E. coil [NM544] , and colonies were isolated after selection on ampicillin.
Rescued plasmids were sequenced using Sequenase (United States Biochemicals) and the primers D1 (5'-GTCGACTCTAGAG-GATC) and T7 (5'-AATACGACTCACTATAG), which flank the genomic insert.
To recreate the gskA null mutant by gene disruption, 15 p.g of plasmid DNA was digested with Bcll, electroporated into 107 DH1 cells, and selected on FM medium. Transformants were then plated clonally onto SM agar plates in association with K. aerogenes. The mutant phenotype was recreated in 29 of the 353 clones examined, an 8% knockout frequency. The mutant strain HM1435, which has an identical phenotype to H M338, was picked from the mutants generated by this process. Both mutant strains HM338 and HM1435 were used in the subsequent experiments.
Southern Blotting
Genomic DNA from wild type (DH1) and the gskA mutant (HM1435) was prepared, and 20 I~g was digested with appropriate restriction enzymes. The products were resolved on a 1% agarose gel and transferred to Hybond-N + membrane (Amersham PLC). Prehybridization and hybridization were carried out at 42°C in 5 x SSC, 1 x Denhardt's solution, 20 mM sodium phosphate (pH 6.7), 1% SDS, 100 p.g/ml sheared, denatured salmon sperm DNA, and 50% formamide for 6 hr and 16 hr, respectively. The hybridization solution included a a2P-labeled gskA cDNA probe made by the random prime method. The membrane was washed twice in 2 x SSC, 0.1% SDS at room temperature for 15 rain; twice in 2 x SSC, 0.5% SDS at 45°C for 30 rain and then exposed to X-ray film at -70°C for 18 hr with an intensifying screen.
Immunological Techniques
For immunoblotting, axenically growing D. discoideum cells were resuspended in NP-40 buffer (1% NP-40,150 mM NaCI, 4 mM NaH2PO4, 6 mM Na2HPO4, 2 mM EDTA, 50 mM NaF, 0.1 mM Na3VO4, 4 mglml leupeptin). The extracts were resolved by SDS-PAGE and electrophoretically transferred to PVDF membrane (Millipore). Blots were processed by standard procedures (Harlow and Lane, 1988) and visualized bychemiluminescence (New England Nuelear-Dupont). Anti-GSK-3 monoclonal antibody was provided by M. Bourouis.
Northern Analysis
Total cellular RNA was isolated from frozen pellets of 5 x 107 cells by the addition of 500 ~1 of RNA buffer (50 mM Tris-HCI [pH 7.4], 100 m M NaCI, 10 mM EDTA, 0.1% SDS) and immediate phenol extraction. The aqueous layer was extracted with chloroform, and the RNA was isolated by ethanol precipitation. RNA samples were dissolved in sterile water to a final concentration of 1-3 p,g/p,l.
Samples (5 p,g) of total cellular RNA were separated by electrophoresis on a 1% formaldehyde gel, transferred to Hybond-N ÷, and fixed by UV irradiation. Prehybridization and hybridization were carried out at 42°C in 5x SSC, 5x Denhardt's solution, 0.1% SDS, 100 p,g/ml sheared, denatured salmon sperm DNA, and 43% formamide for 2 hr and 15 hr, respectively. The hybridization solution included a 32P-labeled probe made by the random prime method. After hybridization, filters were washed at 67°C to 1 x SSC, 0.1% SDS. The filters were imaged and quantified using a phosphorimager (Molecular Dynamics).
l~-Galactosidase Staining
After development for the appropriate times, structures were fixed with 1% gluteraldehyde in Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCI, 1 mM MgS0,, 2raM MgCI2) for 15 rain. After washing twice in Z buffer, they were incubated in staining solution (0.1% X-Gal, 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide in Z buffer) at 37°C (Dingermann et al., 1989) .
Monolayer Development
To induce stalk cell formation, wild-type and mutant cells were washed in KK2 and plated at a density of 105 cells/ml into tissue culture plates (Falcon 3001) containing stalk medium (10 mM MES, 2 mM NaCI, 10 mM KCI, 1 mM CaCI2, 200 p.g/ml streptomycin, 20 p.g/ml tetracycline [pH 6.2]) supplemented with 6 mM cAMP. After 20 hr, the medium was removed, and the cells were washed three times and replaced with fresh medium supplemented as described in the text with 100 nM DIF, 5 mM cAMP, or 10 p,M adenosine-3',5'-monophosphothioate (cAMPS). The number of stalk cells formed was counted after a further 24 hr.
The induction of ecmA and eomB genes was carried out as described previously (Berks and Kay, 1990 ) except for the cell density and stage at which the cells were disaggregated. Mutant and wild-type cells were developed on KK2 agar to an appropriate stage, washed off, disaggregated, and resuspended at 108 cells/ml into KK2 supplemented with 100 n M DIF. They were then split into two equal samples, and 5 mM cAMP was added to one of them. Each sample was shaken for 2 hr, and the cells were harvested for RNA extraction. The expression of eomA and ecmB was examined for each sample and compared with a sample of cells taken prior to dissaggregation and one left to develop on agar for a further 2 hr. To see induction of the mutant, it had to be taken at the earlier stage of 10 hr of development, prior to tip formation, rather than the 15 hr timepoint, with extended tips, used for the wild-type control. When the mutant cells were taken at the same time as the wild type, the level of ecmB expression at the starting point was already maximal.
To induce psA-lacZ expression, wild-type and mutant transformant cells were washed in KK2 and plated at a density of 106 cells/ml into tissue culture plates (Falcon 3001) containing spore medium (10 mM MES, 20 mM NaCI, 20 mM KCI, 1 mM MgCI2, 1 mM CaCI2, 200 p.g/ ml streptomycin, 20 i~g/ml tetracycline [pH 6.2]) containing 5 mM cAMP. After 24 hr, the cells were washed off, lysed in lysis buffer (100 mM Na2PO4, 8 mM MgCI2, 1 mM EDTA, 1 mM DTT, 1% Triton X-100, 15% glycerol [pH 7.8]) and cleared by centrifugation for 5 rain. Extract (100 ~1) was added to 500 I~1 of o-nitrophenyl-~-D-galactopyranoside (ONPG) solution (1.6 mg/ml in Z buffer) and incubated for 30 rain at 22°C. Reactions were stopped with 400 ~1 of Na2CO3, centrifuged at 12000 x g for 5 min, and diluted with 500 p.I of Z buffer. The amount of product was read as the optical density at 420 nm and normalized to protein concentration. Each experiment was performed in triplicate with a number of independent clones.
To induce spore formation, wild-type and mutant cells were washed in KK2 and plated at a density of 104 cells/ml into tissue culture plates (Falcon 3001) containing spore medium plus 15 mM 8-bromo-cAMP (Kay, 1989) . The number of spores formed was counted after 48 hr.
